The present investigation showed that active processes were involved in the uptake of 2,4-dichlorophenoxyacetate (2,4-D) by Delftia acidovorans MC1. With 2,4-D-grown cells, uptake at pH 6.8 was highly affine and showed a complex pattern-forming intermediary plateau at 20-100 M 2,4-D. The kinetics became increasingly sigmoidal with raising of the pH to 7.5 and 8.5, and complexity disappeared. The apparent maximum was obtained at around 400 M 2,4-D at either pH, and amounted to 15-20 nmol/minÃmg protein. Higher substrate concentrations resulted in significant inhibition. With cells grown on (RS)-2-(2,4-dichlorophenoxy)propionate, 2,4-D uptake increased significantly and reached 45 nmol/minÃmg, hinting at induction of a specific carrier(s). The kinetic characteristics made it apparent that several proteins contribute to 2,4-D uptake in MC1. An open reading frame was detected which has similarity to genes encoding major facilitator superfamily (MFS) transporters. Mutant strains that lacked this gene showed altered kinetics with decreased affinity to 2,4-D at pH 6.8. A mutant with complete deficiency in phenoxyalkanoate utilization showed an almost linear uptake pattern hinting at sole diffusion. Cloning of tfdK encoding a specific transporter for 2,4-D resulted in an increased uptake rate and, above all, higher affinity at slightly alkaline conditions due to hyperbolic kinetics. The presence of carbonylcyanide m-chlorophenylhydrazone led to the subsequent strong inhibition of 2,4-D uptake, suggesting proton symport as the likely active mechanism.
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Phenoxyalkanoate herbicides are well degradable by microorganisms, but bacterial strains that carry this trait are restricted to a defined substrate spectrum. This is caused mainly by the substrate specificity of the first degradative step, which in general is cleavage of the ether bond. Strains that express 2,4-dichlorophenoxyacetate/-ketoglutarate-dioxygenase (TfdA) [1] [2] [3] are limited to the degradation of 2,4-dichlorophenoxyacetate (2,4-D) and 4-chloro-2-methylphenoxyacetate (MCPA). The tfdA gene is widely distributed in a range of bacterial strains that belong to the and subdivisions of Proteobacteria. [4] [5] [6] [7] [8] [9] [10] [11] [12] Strains selected for their capability to utilize racemic phenoxypropionate herbicides like (RS)-2-(2,4-dichlorophenoxy)propionate (2,4-DP, dichlorprop) and (RS)-2-(4-chloro-2-methylphenoxy)propionate (MCPP, mecoprop) are more rare. Examples are Sphingobium herbicidovorans MH, 8, [13] [14] [15] Delftia acidovorans MC1, 16, 17) Rhodoferax sp. P230, 17, 18) and several less well described strains. [19] [20] [21] [22] They show in general a broader spectrum of productive, i.e., growth-associated, degradation, which includes, e.g., 2,4-D and MCPA. This capability is attributed to the expression of two -ketoglutaratedependent dioxygenases, called (R)-2,4-dichlorophenoxypropionate/-ketoglutarate-dioxygenase (RdpA) and (S)-2,4-dichlorophenoxypropionate/-ketoglutarate-dioxygenase (SdpA), which exhibit enantio-and substrate specific properties. 17, 23, 24) After cleavage of the ether bond, the original substrate becomes anonymous since further metabolism is common in general. This includes hydroxylation of the liberated phenol derivative to the corresponding catechol, e.g., by chlorophenol hydroxylase (TfdB), which is channeled into the general metabolism via enzymes of the modified ortho cleavage pathway, i.e., by TfdC-F. 3, 25) Besides ether bond cleavage, transport across the cytoplasmatic membrane has the potential to control herbicide utilization selectively, and above all, if this is facilitated diffusion or active transport. This was con-vincingly shown in the case of S. herbicidovorans MH. During growth on 2,4-D, (R)-2,4-DP, and (S)-2,4-DP, the induction of substrate-specific transporters was made likely. Penetration by passive diffusion was apparently ineffective in this strain, 14, 15) in contrast to experience with Ralstonia eutropha JMP134. This strain also showed induction of a specific uptake protein, called TfdK, which resembles transport proteins of the major facilitator superfamily (MFS).
26) The presence of TfdK resulted in a saturation-like uptake pattern up to a concentration of 60 mM, and knockout of tfdK resulted in reduced uptake of 2,4-D in the micromolar concentration range.
27) It was surprising, however, to find that uptake of 2,4-D was hardly impaired with the tfdK mutant at substrate concentrations in the mM-range. This was attributed by these authors to the penetration of this compound by a passive process coupled to the catalytic action of TfdA. Complete lack of energy-driven uptake of 2,4-D was ascribed to a strain of Burkholderia cepacia, for which the transport of this compound across the cytoplasm membrane was suggested to function solely by diffusion of the non-dissociated acid. 9) But there is no information available as to how the absence of transport proteins influences growth on the herbicide.
Previously we investigated the growth of D. acidovorans MC1 on various phenoxyalkanoate herbicides. 28) Utilization of 2,4-D was strongly impaired at pH 8.5: a dilution rate at chemostat cultivation of only 0.033 h À1 was accompanied by stationary 2,4-D concentrations as high as 1.6 mM, and the maximum dilution rate which enabled steady state growth under the prevailing conditions was only about 0.05 h À1 . Investigations of the alkaline pH range were relevant since the strains were intended to be used for the degradation of herbicide mixtures under such conditions. 29, 30) At more neutral pHs, the restrictions on using 2,4-D were not observed to such an extent since the stationary substrate concentration was distinctly lower over a wide range of dilution rates, and the maximum growth rate was threefold higher at pH 6.8 than at pH 8.5.
28) The various pH values were not per se a cause of these differences. During growth of strain MC1 on (RS)-2,4-DP we did not observe a strong pH effect on substrate consumption characteristics. -Ketoglutarate-dependent dioxygenase activity (viz., RdpA and SdpA) could also be ruled out as causing these differences since the activity was not essentially influenced by the growth pH. 31) More likely, the lack of 2,4-D utilization by strain MC1 was caused by deficits in the uptake of these compounds. Preliminary investigations with 2,4-D showed low uptake rates at alkaline pH. Introduction of the tfdK gene into strain MC1 resulted in a significant rise in the 2,4-D influx rate. Consequently, the transconjugant strain showed improved growth on 2,4-D at pH 8.5, 28) which emphasizes the impact of active transport on herbicide utilization.
The present investigation was aimed at elucidating the uptake characteristics of 2,4-D by D. acidovorans MC1 in a more detail. The studies were carried out with cells grown on 2,4-D, (RS)-2,4-DP or mixtures of both substrates. The impact of external pH was taken into account. The uptake patterns obtained with strain MC1 were compared to those of transconjugant strain TK62 equipped with tfdK, aimed at giving improved 2,4-D influx after expression of this specific transporter a kinetic explanation. The investigation was extended to mutant strains phenotypically devoid of SdpA and/or RdpA activity. It was speculated that the deletions in the genome of these mutants comprised genes that encode proteins relevant to uptake function. This appears to be the case with an open reading frame localized just downstream of rdpA, which had some weak similarity to tfdK, and which was eliminated in certain derivative strains. Resolution of the uptake kinetics using deletion mutants should give a hint to the contribution of putative uptake proteins to 2,4-D influx. This might lead to a basis for studying the uptake process on a molecular level in future investigations.
Materials and Methods
Bacterial strains and cultivation. Cloning of the tfdK gene from D. acidovorans P4a into D. acidovorans MC1 was performed as described elsewhere. 28) The various strains applied in this investigation are shown in Table 1 .
Strain MC1 and derivative strains capable of utilizing a restricted spectrum of herbicides or respective enantiomers were grown and stored at pH 8.5 on agar plates containing mineral salts solution (MSS), trace elements solution (TES), 1.5% agar, and 400 mg/l of (RS)-2-(2, 4-dichlorophenoxy)propanoic acid [(RS)-2,4-DP] as the sole carbon and energy source; strain MC1100 was stored on pyruvate agar plates. (30) .
Colonies from agar plates were used to inoculate shaking flasks with PYE medium at pH 8.5 containing (in g/l): peptone, 3.0; yeast extract, 3.0; and fructose, 1.8. The culture was grown overnight on a rotary shaker 30 C in the presence of 0.1 g/l (RS)-2,4-DP. Continuous cultivation was performed by feeding MSS containing the various substrates, as indicated in Table 1 , at a concentration of 9 mM, or mixtures of 6 mM (RS)-2,4-DP and 6 mM 2,4-D. The pH value was held constant at 7.5. A stock of TES (pH 2.0) was fed separately to the fermenter at a rate adjusted to give the final concentration as indicated above (MSS + TES medium). The dilution rate D was 0.05 h À1 , and cultures were harvested from the fermenter after at least 5 volume exchanges had occurred, i.e., when the steady state was reached. Uptake experiments. Biomass was collected on ice from the effluent of the chemostat, washed, and concentrated in 0.67Ã(MSS + TES) medium at pH 6.8, and in the same medium buffered with sodium carbonate at pH 7.5 and 8.5. To prepare the latter, 100 mM sodium bicarbonate was mixed with 100 mM sodium carbonate to give the desired pH value. One part of this solution was mixed with 2 parts of MMS + TES, and the pH value was re-adjusted to 7.5 and 8.5. The pH values remained stable during aerobic incubation and after adding the substrate.
Routinely, 990 ml of bacterial suspension (about 0.2 mg dry mass/ml) was incubated at 30 C in an open tube with shaking for 2 min. The experiment was started by adding 10 ml of labeled 2,4-D solubilized in 0.05 M NaOH to achieve the desired concentration. The volume of the assay was increased proportionally when required. Samples of 100 to 200 ml (routinely 200 ml) were taken at intervals of 10 s to 20 s (routinely 10 s), and the cells immediately separated from the medium by filtration through cellulose nitrate membranes (25 mm, pore width 0.2 mm; Schleicher and Schüll, Dassel, Germany), prewetted with the respective buffers containing 100 mM non-labeled 2,4-D. The membranes were flushed three times with 1 ml of the respective buffers containing 100 mM non-labeled 2,4-D, and transferred into scintillation vials. These contained 6 ml of Filter Count solution (Perkin Elmer, Boston, MA). The uncoupler carbonylcyanide m-chlorophenylhydrazone (CCCP) was added at a concentration of 50 mM as indicated, and the suspension was pre-incubated in the presence of this compound for 1 min before the uptake experiments were started.
Scintillation. After solubilization of the filters, radioactive counts (depletions per min, dpm) were determined over 10 min in a Liquid Scintillation Analyzer TRI CARB 2300 TR (Packard Instruments, Meriden, CT). Determination was performed as single sets of measurements with the greater series of substrate concentrations or as duplicates. In the latter case, the standard deviations of the individual rates ranged between 5-15%. Uptake rates were determined from linear regression of the data sets.
Analytical methods. Phenoxyalkanoate herbicides were measured by HPLC on a Nucleosil C18 column (Knauer, Berlin, Germany) with 40% acetonitril and 60% 0.132 M sodium phosphate solution, pH 2.8, as the mobile phase. Protein was determined according to Bradford using bovine serum albumin as the standard.
Results

2,4-D uptake with strains MC1 and TK62 (MC1:: tfdK)
In order to validate the reliability of the experimental protocol, the accumulation pattern of the radiolabel was followed as a function of time and pH. Figure 1 shows an example obtained with an external 2,4-D concentration of 19.5 mM; similar patterns were found with the other concentrations tested. The progress curves showed linear increases in the initial phase followed by some decline after about 200-300 s of incubation. Initial rates of uptake were routinely determined from samples taken within the first 40-60 s. Linear increases in the individual data points during this period were verified by regression analysis. The confidence intervals of the uptake rates were in general 10%. The uptake rates were significantly higher for strain TK62 carrying the tfdK gene than for strain MC1. The wild-type strain MC1 itself did not carry tfdK as tested by probes and primers derived from the corresponding gene sequence (data not shown). The rate was in general increased by lowering the medium pH. This was more evident with MC1 than with TK62 (Fig. 2) . This means that the presence of a specific transporter, and to a lesser extent the medium pH, was responsible for 2,4-D uptake under these conditions. The addition of CCCP resulted in a marked reduction of 2,4-D influx. Although there was some accumulation of the radiolabel in the presence of this compound, the intracellular concentration leveled off and even showed a tendency to decrease during incubation (Fig. 3) . This effect was taken as an indication that an active, energy-driven mechanism was essentially responsible for 2,4-D uptake.
Radio-labeled material was accumulated within the wild type and, to an even larger extent, in the transconjugant strain. After incubation for 1 min at 3.9 mM 2,4-D, there was about a 20-fold and a 70-fold excess of the intracellular over the extracellular concentration, respectively, with strains MC1 and TK62 (Fig. 4) . This is in accord with the assumption that facilitated diffusion or active transport of 2,4-D across the cell membrane occurred. By increasing the extracellular concentration, the quotient decreased and approached a value of 2-3 at the higher 2,4-D levels. We used the specific uptake rate (nmol/minÃmg protein) to calculate the intracellular accumulation. This guaranteed a common basis in the various experiments, since leveling off of 2,4-D uptake was not observed in general during the time of measurement (Fig. 1) . The total intracellular volume was derived by taking into account a protein concentration of 0.27 mg per 10 9 cells (for which rods at a dimension of 1 Â 2 mm were assumed). This short incubation time, moreover, should restrict the distribution of carbon over consecutive metabolic steps. Such an effect has in general to be regarded when using induced cells. Metabolism of 2,4-D should be limited, however, under initial conditions in the present case, in view of the fact that the starved cells used in these experiments should have been depleted of intracellular pools of metabolites, thus reducing the availability of -ketoglutarate as the The experiments were performed using 3.9 mM, 19.5 mM, 195 mM, and 824 mM radio-labeled substrate. Rates were derived from accumulation characteristics within 1 min of incubation. second substrate in the SdpA and RdpA reactions (see ''Discussion'' below).
Kinetic properties
The kinetic characteristics of wild-type strain MC1 were determined in a more detail. The transconjugant strain TK62 was included to demonstrate the effect of tfdK. Figure 5 shows the results after incubation at pH 7.5. For some of the data, standard deviations were indicated by taking into account the results with biomasses taken from three independent cultivations. These data were used to support the reliability of the general statements. It is evident that concentrationdependent 2,4-D uptake followed a saturation-like shape with both MC1 and TK62. The presence of tfdK led to a significant increase in affinity: the K m was 98 mM for TK62 and 410 mM for MC1 (Table 2) . With TK62, the specific uptake rate amounted to about 40 nmol/minÃmg protein, obtained at a 2,4-D concentration of 1-1.5 mM (not shown in Fig. 5 ), which was significantly higher than the rates found with MC1 (Fig. 6) .
The impact of pH on the uptake kinetics is evident in the results shown in Fig. 6 . The most obvious feature at pH 6.8 was the high affinity for 2,4-D uptake, due to which 75% of the effective maximum rate were reached yet at 20 mM 2,4-D. The uptake leveled off at this rate to form a pronounced plateau. A further increase in the rate required 2,4-D concentrations greater than 100 mM. At pH 8.5, in contrast, 2,4-D uptake behaved quite differently. In the lower substrate range, the data followed a sigmoidal shape (Fig. 6) . Uptake was almost insignificant up to 30 mM 2,4-D (Fig. 6, inset) . Accordingly, about a 10-fold higher concentration of 2,4-D was required under these conditions to reach a rate as high as that obtained at pH 6.8 in the low 2,4-D range. Some sigmoidal shape was also observed for uptake at pH 7.5 (Fig. 5, Fig. 6 inset) . Sigmoidal dependency was confirmed by Hill coefficients of >1 ( Table 2 ). The overall kinetic characteristics showed excess substrate inhibition with strain MC1 at all the pH values tested. This decrease was most pronounced at pH 8.5, at which the rate was reduced to one third of the effective maximum at the highest concentration applied.
The apparent kinetic constants were derived by treating the data by a modified Michaelis-Menten equation (eq. 1), which allows one to take into account excess substrate inhibition, as was observed with strain MC1, and sigmoidal behavior:
where V max is the maximum uptake rate, K M is the Michaelis constant, K i is the inhibition constant, and n is the Hill coefficient. Calculation was performed by applying non-linear regression using Sigma plot software. The kinetic constants are shown in Table 2 . It should be noted that the complex pattern was not taken into account in this calculation due to the lack of a relevant model at present. This means that these parameters must be considered as apparent ones.
Influence of the growth substrate on 2,4-D uptake High affinity and fast utilization of (RS)-2,4-DP were observed during chemostat growth of strain MC1. 28) This was in contrast to the behavior with 2,4-D as a substrate, and suggests effective uptake systems for both enantiomers of the former compound. The uptake of 2,4-D was tested with cells of strain MC1 grown on (RS)-2,4-DP. The kinetic characteristics of 2,4-D uptake were quite different from 2,4-D-grown cells, as shown in Fig. 7 . At pH 6.8, the rate pattern still followed a hyperbolic shape at the lower substrate level. At external 2,4-D concentrations that exceeded 300 mM, the rates increased drastically, however, and amounted to about 45 nmol/minÃmg protein (Fig. 7) . This indicates that an additional uptake protein with specificity to 2,4-D was most likely induced during growth on (RS)-2,4-DP. Interestingly, double reciprocal plots of the rate data obtained at the low substrate range resulted in identical apparent K M values of 41 mM with 2,4-D-and (RS)-2,4-DP-grown cells. This means that the induced protein did not show significant uptake activity in the lower concentration range. This is most likely explained by a sigmoidal dependency, a property that appears to be a general trait in the uptake kinetics of this strain. At pH 8.5, similarity to cells grown solely with 2,4-D was observed as the kinetics followed a sigmoidal shape at the lower substrate concentrations (Fig. 7) . At higher concentrations, substrate inhibition was apparently compensated for by the activity of the putatively induced uptake protein. Attempts to get a hint as to the induced protein by inspection of the proteome pattern of the membrane fraction after 2D gel electrophoresis of non-induced and induced cells of MC1 are unsuccessful at present (D. Benndorf, personal communication).
Due to the pronounced stimulation of 2,4-D influx into the cell by (RS)-2,4-DP-grown MC1, uptake properties were studied with cells grown chemostatically on equimolar concentrations of both herbicides. The results were surprising and revealed a converse effect (Fig. 8) . It was clearly evident from the uptake characteristics, that the highly affine uptake system was functional at pH 6.8 with cells grown under these conditions. But we did not obtain any rise in the uptake rate by further increasing the 2,4-D concentration, in contrast to cells of MC1 grown solely on (RS)-2,4-D. Instead, a strong reduction in the rate was found that finally tended to zero. At pH 8.5, this deficit was even more pronounced since we did not observe significant uptake up to 1.5 mM 2,4-D.
Uptake properties with mutant strains deficient in phenoxyalkanoate cleavage
The complex kinetic patterns and the changes in rate relative to each other (Fig. 6-8 ) were considered an indication that different catalysts contribute to the overall rate of uptake. At present, we have no detailed information on the genes and the respective proteins responsible for this behavior, but we have isolated mutant strains that were devoid of distinct catalytic activity, i.e., were lacking either rdpA coding for R-2,4-DP/-ketoglutarate-dioxygenase and/or sdpA coding for S-2,4-DP/-ketoglutarate-dioxygenase. We are not aware at present which further genes were affected by the putative deletions in the genome. 32, 33) The physiological responses observed in this investigation, however, indicate that the deletions should have extended to genes that encode uptake proteins. One of the mutants, strain MC1010 (RdpA negative) showed deletion of an open reading frame, ORF19, localized just upstream of rdpA, which has 29% similarity in the deduced amino acid sequence to TfdK. 33) The results for strain MC1010 were significantly different from those for strain MC1 with regard to 2,4-D uptake (Fig. 9) . This makes it likely that the gene product of ORF19 contributes to 2,4-D uptake. Most remarkably, the complexity of the kinetic characteristics was lost. At pH 6.8, instead we observed continuous kinetic characteristics with pronounced substrate inhibition. The behavior at pH 8.5 was typical, referring to the pattern of the wild-type strain, in that uptake kinetics behaved sigmoidally (Fig. 9) . The activity remained at a very low level, however, over the whole concentration range. It should be noted in this context that the lack of the rdpA gene should not be causative for the different kinetic patterns with MC1010. Coupling of the 2,4-D influx to RdpA activity is rather unlikely since this enzyme has only very poor activity to this substrate. It is especially the high K m and low k cat of RdpA to 2,4-D as a substrate which contradicts the high affine 2,4-D uptake pattern observed in this case.
Uptake of 2,4-D by mutant strain MC1100, which is characterized by loss of a 40 kb fragment of the plasmid, and which lacks cleavage activity but retained the enzymes of the ortho cleavage pathway, 16, 33) followed almost linear behavior. The specific uptake rate was correlated to the external 2,4-D concentration by q s ¼ 9:2Ã10 À6 Ãc 2,4-D (mmol min À1 Ãmg protein À1 ), as measured over a range up to 825 mM 2,4-D (Fig. 10) . The linear plot suggests a passive, i.e., diffusion-controlled, process in this case. The higher substrate concentrations, however, did not convincingly follow the linear dependency, which hints at processes that interfere with simple equilibration processes (see ''Discussion'' below). As in the linear graph in Fig. 10 , the radiolabel increased 1.6-fold within 1 min of incubation. The accumulation profile flattened and the intracellular concentration leveled off in MC1100 after 2-3 min.
Discussion
The results indicate that the uptake of 2,4-D by strain MC1 is mainly carried out and controlled by facilitated diffusion or active transport. This is derived from the facts (i) that the uptake characteristics of the radiolabel followed saturation-like kinetics in defined, especially in the lower ranges of substrate concentration, and (ii) that the radiolabel was quickly accumulated over extracellular concentration by the cells. The latter effect was even enforced in transconjugant strain TK62, which additionally expressed a specific transporter for 2,4-D (TfdK). Mutant strain MC1100, which was devoid of herbicide utilizing activity due to the loss of a 40-kb fragment in the genome of MC1, showed in contrast (i) almost linear dependency on concentration, and (ii) faint accumulation at best. Although this pattern does not unequivocally differentiate between an active uptake mechanism and coupling of diffusion to catalytic steps as the cause of this effect, the role of active transport as a main driving force is substantiated by the fact that uptake was drastically reduced in the presence of CCCP. Accumulation stagnated a short time after 2,4-D supply, and even showed some loss of the intracellular radiolabel in the presence of this compound later on (Fig. 3) . This pattern indicates that accumulation of the radiolabel was primarily dependent on active transport in MC1, whereas influx mechanisms due to connecting 2,4-D penetration via cytoplasm to metabolic steps appeared less effective under the prevailing conditions. Compounds like CCCP function as uncouplers by canceling trans-membrane proton gradients, and thus energy generation. Active transport might be specified as proton symport in this case, if a similar mechanism is responsible in strain MC1, as was attributed to the uptake of 2,4-D in R. eutropha JMP134. In the latter strain, the TfdK protein was shown to be involved in 2,4-D uptake. 27) TfdK is a member of the aromatic acid:proton symporter (AAHS) family of the major facilitator superfamily (MFS) of uptake proteins. 26) The kinetic patterns obtained with the wild-type and mutant strains revealed essential details on 2,4-D transport although definite information on a molecular level is mostly absent at present. Evidently, several carriers are involved in 2,4-D uptake. This follows from the observations that (i) the kinetic characteristics are of complex shape, (ii) induction and repression phenomena occurred in relation to the various growth substrates, and (iii) deletion mutants showed different kinetics. The complex kinetic profiles observed with 2,4-D-grown cells suggest the presence of at least two proteins. One of the putative transporters has high affinity for 2,4-D. It should in addition be characterized, as verified by a plateau or trough region, by a pronounced inhibition term (Figs. 6-8 ). It was a characteristic feature of ORF19-negative deletion mutant MC1010 that it was apparently deficient in this type of transporter. This forced us to ask whether ORF19 33) is the gene encoding the responsible protein. Investigations to answer this question are currently in progress. Strain MC1010 appears in general to express only one transporter during growth on 2,4-D, which is suggested by the continuous course of the kinetic characteristic (Fig. 9) . The shape and position of the maximum coincides in this case with a second phase in the activity profile in MC1 after plateau formation (Fig. 6) .
The existence of a third uptake mechanism became evident after growth on (RS)-2,4-DP. The corresponding protein most likely resulted from induction during growth on this substrate, and should be connected to the uptake of one of the enantiomers of 2,4-DP. It showed activity to 2,4-D at the higher substrate level and resulted in a two-to three-fold increase in the uptake rate as compared to cells grown on 2,4-D. This pattern resembles the observation made with S. herbicidovorans MH. 14, 15) The expression of two enantiospecific transporters was described with this strain during growth on racemic 2-phenoxypropionate herbicides. These proteins showed activity to the uptake of 2,4-D in addition.
During growth on 2,4-D, in contrast, an uptake protein was induced in strain MH that was highly specific for 2,4-D and did not support the transport of either R-or S-2,4-DP. The activity profiles of MC1 under various growth conditions hint at regulation. When supplied in combination with (RS)-2,4-DP, the presence of 2,4-D did apparently repress proteins that were involved in the utilization of (RS)-2,4-DP (Fig. 6 ). Since these proteins support, in addition, uptake of 2,4-D, this effect should contribute to the deficits in simultaneous herbicide utilization observed in strain MC1. 28) The patterns of 2,4-D uptake revealed some unusual properties in general. The shape of the kinetics was drastically changed at pH 7.5 and 8.5 in comparison to pH 6.8. Most evident, the plateau region disappeared, i.e., the high affine uptake was no longer functional. Instead, the activity profile followed a more or less sigmoidal shape (Figs. 5-7, 9 ). It appears that the various proteins involved in 2,4-D uptake change their characteristics in dependence on the external pH. A likely explanation is that conformational changes in membrane proteins or rearrangements of the membrane structure occurred with changing pH. Conformational changes are common and intrinsic to the function of transport proteins, and may lead to kinetics that deviate from simple Michaelian patterns. 34, 35) Kinetics with a complex shape have been found, and are well-studied e.g., for the uptake of amino acids by bacteria. 36, 37) The model applied satisfied the experimental data even assuming the action of a single protein carrying several binding sites. 38) There is increasing evidence that membrane proteins, either for signal transduction, energy generation, or transport, are often organized as oligomers. 39) These are the favored structures to exert cooperative and allosteric effects. There are several examples that show that the action of membrane proteins is controlled by negative cooperativity. 36, 37, [40] [41] [42] [43] This has the advantage that low substrate levels allow appropriate activity, whereas the rate is restricted at higher levels, leading to homeostatic effects. Excess substrate inhibition is a predominant feature of 2,4-D uptake by MC1, and may be considered a protective mechanism to avoid too strong an influx of phenoxyalkanoates into the cell, the metabolism of which might result in highly toxic intermediates, e.g., dichlorophenol. Taking into account enzyme inhibition by, e.g., a twosite mechanism 44) as a kinetic explanation of negative cooperative (allosteric) effects, a sharp transition to the inhibited state (Fig. 8) is typical with this type of substrate interaction. 45, 46) Which mechanism applied to the uptake proteins of 2,4-D in strain MC1 remains to be determined by further investigation. A sigmoidal behavior in kinetics, which is indicative of positive cooperative interaction, became evident in strain MC1 under slightly alkaline conditions. This restricts, however, the uptake of 2,4-D at low substrate levels, and might be responsible for the deficiencies in strain MC1 in using this substrate at alkaline pH. 28) Positive cooperative interactions expressed by a sigmoidal pattern of substrate uptake were observed with porin FepA, and were referred to a trimeric state of this protein. 47) An essential question was how penetration by passive processes contributed to 2,4-D uptake. Degradationnegative strain MC1100 grown on fructose (Fig. 10) showed linear increases in 2,4-D uptake which followed a rate of q s ¼ 9:2Ã10 À6 Ãc 2,4-D (mmol min À1 Ãmg protein À1 ) at pH 7.5. This hints at diffusion as the apparent mechanism of uptake in this strain; diffusion processes to that extent might run in strain MC1 and any derivative obtained there from. At the higher substrate levels the apparent linearity of 2,4-D uptake was not further maintained in strain MC1100 but the rate flattened. This is apparently in correspondence to the decreased uptake activity observed with MC1 at higher substrate concentration. At present, we are not aware which processes, and to which extent, contribute to reduction in (net)uptake under these conditions. One possible explanation is multi-drug (efflux) transport systems that might be involved and might contribute to the overall accumulation characteristics of 2,4-D. Several types of efflux transporters are known 48) to function as defense mechanisms in diverse bacteria. [49] [50] [51] Their presence has even been considered a general trait in biological membranes. 35) Their action is made likely by the finding in the present case that the (net)uptake rates were reduced to zero with MC1 under certain conditions. The strong decrease in the uptake rate in wild-type and partial degradation-deficient mutant strain MC1010, in contrast to a less pronounced effect with the degradationdeficient mutant MC1100, suggests that the uptake proteins themselves might be involved in counter-flow at elevated external substrate concentrations. This, however, remains to be proven by distinct investigations. In contrast, no significant inhibition effects were observed in the case of R. eutropha JMP134 27) or S. herbicidovorans MH. 15) This demands further investigation and general discussion of the role of counter-flow mechanisms in phenoxyalkanoate utilization.
When we consider the physiology of substrate uptake under a more integrative aspect, the impact of the overall metabolism must be taken into account. This aspect is occasionally touched on in the above discussion. The influx of a compound usually results from a coupling of the penetration/uptake properties via the cytoplasm membrane to consecutive metabolism. Irreversible metabolic steps are particularly decisive to channel the compound into general metabolism. [52] [53] [54] With strain MC1, the -ketoglutarate-dependent dioxygenases, viz., RdpA and above all SdpA, which initiate the degradation of 2,4-D, should play such a role (for details of the enzyme data, see Westendorf et al. 23, 24) ). The cleavage reaction depends on the presence ofketoglutarate, the supply of which is strongly coupled to the general metabolism and to the physiological state of the population. 55, 56) Thus the kinetics of these enzymes in combination with the kinetics of the uptake proteins will finally determine the rates of 2,4-D utilization. This is the essence of the model of 2,4-D utilization by R. eutropha JMP134 presented by Leveau et al. 27) Uptake in the higher concentration range was assumed by these authors to take place to a great extent by diffusion of the non-dissociated acid. The high rates that were observed in the tfdK-negative mutant strain should accordingly result from a coupling of 2,4-D diffusion to its catalytic conversion by TfdA. This interpretation has merits, but it contradicts the experience of phenoxyalkanoate uptake with S. herbicidovorans MH.
15) The presence of -ketoglutarate-dependent cleavage activity was not sufficient in this strain to obtain any relevant uptake rate or intracellular accumulation of radiolabeled substrate. This means that diffusion did not play a significant role in uptake in this case. It should be noted that the pKa values of 2,4-D and 2,4-DP are 2.6 and 3.0 respectively, i.e., the non-dissociated acid was present only at about 0.01-0.1%, near neutral pH. In the case of strain MC1, the presence of -ketoglutarate was found to have great impact on degradative performance: a potential shortage of this compound due to starvation led to pseudo-recalcitrance of 2,4-D. 55, 56) It should be emphasized that the cells used in this investigation were also characterized by a starvation state caused by the time required for biomass collection and preparation. Thus immediate onset of degradation is not to be expected, at least not at a rate that would correspond to the external substrate concentration. This means that the influx rates derived at the initial time most likely refer to substrate uptake.
The results made evident that uptake of phenoxyalkanoate herbicide is crucial for utilizing these compounds, but that the molecular mechanisms are far from being understood at present.
